This work applied the mathematical models already implemented in the OpenFOAM ® computational fluid dynamics (CFD) software, to simulate two proposed air distributions inside cold chambers. The OpenFOAM ® software was chosen because of the absence of licensing costs associated with its use, compared to the major commercial CFDsoftwares available. In the pre-processing phase, we used the free Google SketchUp ® software for the virtual design of the prototypes, and the free enGrid ® software for the discretization of these virtual prototypes; later the resulting grids were used, by the OpenFOAM ® , in the post-processing phase.
INTRODUCTION
The refrigerated storage, using vapor compression refrigeratedchambers, which causes a decrease in both the air and products temperature, is the most commonly used method for preserving food with their desirable characteristics; thus, reducing the loss of quality, and increasing the their shelf life (Ashrae, 2009 ). The best results from a proper preservation are obtained when the recommended temperature for each vegetable is maintained with fewer fluctuations, as well as the appropriate distribution of cooling air. Moreover, there must be adequate dimensioning of the cooling systems; thus, avoiding the risk of decreasing the life of the equipment (Furlan and Marques, 2007; Flores-Cantillano, 2011) .
The proper design and operation of a cold chamber can represent a significant improvement in the reduction of costs, resulting in profits for the producer. Besides the temperature and relative humidity, distribution and air velocity of the cold air also have a direct effect on the heat transfer rates; directly affecting the cooling time, which in turn affects the quality and shelf life of the produce. Within a refrigerated environment, the temperature levels and their uniformity are directly governed by the airflow patterns. The temperature maintenance is essential during the transport and storage of a refrigerated cargo in order to preserve the shelf life, safety, and quality of perishable food products (Moureh et al., 2009 ). The computational fluid dynamics or CFD began in the late 1970s and early 1980s, where the flows with warlike interests were the primary focus, in particular, the displacement of air around aircraft and projectiles. For the flow of fluids (gases and liquids), the mathematical models are established based on partial differential equations of conservation of momentum, mass and energy (Souza, 2011) . The use of computers in conjunction with the experimental facilities, are an ideal interaction, which enhances the analysis of fluid dynamics (Krause, 1985) .
The use of simulation software allows the solution of many scientific projects and operational problems without either stopping machinery or causing production losses. The reduction of time and number of experiments on test benches allows for considerable savings in developing new projects or updating the ones already in operation. Therefore, to ensure consistent simulation results, it is necessary to validate them with experimental ones (Souza, 2011) . According to Djunaedy et al. (2003) and Luo and Roux (2004) , with the advancements in computer technology, the use of simulation in fluid dynamics promoted a reduction in cost during the project analysis phase of research.
The CFD techniques are helpful in obtaining predictions of velocity and temperature distribution of indoor air, having an important role in improving designs of ventilation systems (Awbi, 1989) . Gan (1995) compared heating and cooling systems for air conditioners, the simulations showed that the floor vent is more efficient than the conventional systems with outlets for ceiling diffusers. The CFD tools have been used for many years in the analysis of ventilation systems designs for buildings, and in assessing ventilation parameters and environmental settings for the air flow in air conditioning systems with floor vents (Nielsen, 2004) . According to Fortuna (2000) , it is a mistake to think that the CFD will replace experimental techniques and theoretical analysis. The CFD is an assisting tool in the understanding of the phenomena. Fukuyo (2004) applied the computational simulation to analyze the relationship between occupations and thermal comfort within working environments. The results have shown that the creation of an automatic control system for the cooling system in conjunction with preventive maintenance scheduled by the technical support would be the ideal way of improving system efficiency. Jian et al. (2006) , used computational tools to pre-analyze projects of the entry and exit angles for the air flows inside air conditioned environments,and with the help of a CFD tool, concluded that the elevation of the entry angle and reduction of the exit angle contribute to a better cooling environment, as well as the comfort for the occupants. The application of computational fluid dynamics in the agricultural sector is becoming increasingly important. Over the years, the versatility, ease of use and accuracy offered by the CFD led to its wider acceptance within the agricultural engineering community. Besides the refrigerated storage, the CFD is now regularly used to solve environmental problems in greenhouses and livestock facilities (Norton et al., 2007) . Numerous studies have elucidated the benefits associated with the even distribution of air flow in animal and plant systems (Boulard et al., 2002; Gebremedhin and Wu, 2005) . In animal production, control over the air flow is needed to remove moisture and gases from manure, and to provide shelterfrom cold temperatures, rain and radiation. These analyzes provide a significant improvement, making the environments healthier and more productive for both the animals and the workers (Spoolder et al., 2000) . This shows that in the ambience area as well, the prior knowledge of the principles governing the distribution of internal climate variables through a CFD tool is indispensable for the design of production systems or to optimize its performance.
Tassou and Xiang (1998), Hoang et al. (2000) , Nahor et al. (2005) and Xie et al. (2006) performed simulations in cold chambers with the evaporator in the conventional position, showing the existence of areas with stagnant air, and large variations in the air flow. The air flow analysis showed that the CFD can be used in the analysis of designs; however, it did not provide information on how to improve the air distribution within the cold chamber. With the complexity of temperature homogenization, fruits are stored at different stages of maturation, which is very detrimental to their marketing, seeing that they do not follow a maturation pattern. Ho et al. (2010) who studied the distribution of air pressure and temperature inside a cold chamber concluded that the addition of evaporators, which increase the air flow, will help to minimize the temperature fluctuations. With the complexity of temperature homogenization, fruits are stored at different stages of maturation, which is very detrimental to their marketing, seeing that they do not follow a maturation pattern. Besides the use of CFD tools for the analysis of air flow in air conditioning systems and cold chambers, Cortella et al. (2001) , Cortella (2002) , Gaspar et al. (2003) , Gaspar and Pitarma (2005) (2007) and Gaspar et al. (2012) , all demonstrated the use of CFD software to analyze airflow in refrigerated display cabinets used in supermarkets. Cortella et al. (2001) performed experimental measurements of temperature and air velocity, in order to validate the numeric model predictions. The goal was to simulate the phenomena of heat and mass transfer in open vertical refrigerated display cabinets; the mathematical model implemented in the CFD software accounted for the turbulent, non-isothermal 2D flow, and for the steady state heat transfer process. According to Cortella (2002) and Lu et al. (2007) , the refrigerated display cabinet is the weakest link in the cold chain; therefore, researches seeking to improve this equipment can impact on the efficiency of the whole chain. However, it is important to add that the cold chambers, studied in this article, are connected to all the cold chain stages; thus, making them the most important equipment in the entire chain. Gaspar et al. (2003) in a comparison between two commercial CFD software's; the PHOENICS ® and the FLUENT ® , concluded that the PHOENICS ® is superior in Figure 1 . Show the sequence of the simulation process.
the diversity of physical and mathematical models, it presents major facilities in the construction of the computational grid, and in the ability of using larger quantities of mathematical models. Now, the FLUENT ® is superior in the ease of use due to the versatility and simplicity of its interface, with higher velocity of convergence of solution, and relatively lower absolute error to the experimental values. Gaspar and Pitarma (2005) used the PHOENICS ® to simulate and visualize the flow and heat transfer in the refrigerated space from the refrigerated display cabinet, testing alternative configurations corresponding to a preliminary study of optimization. By comparing the numerical and experimental results for the temperature, it can be concluded that the simulation model can predict, with appropriate accuracy, the thermal performance of this equipment. It is noteworthy that Gaspar et al. (2003) and Gaspar and Pitarma (2005) , used the same type of equipment (refrigerated display cabinets) for the experimental analyzes.
The comparison between the CFD results and the experimental data, performed by D'Agaro et al. (2006), and Gaspar et al. (2012) , demonstrate that a 2D computer simulation is totally inadequate for such configurations, while the 3D simulations are closer to the real phenomena; therefore, the 3D simulation is a far better option for analyzing the engineering design in refrigerated display cabinets. The work assumes that the use of a new configuration for the distribution of air through the evaporator in the cold chamber makes it possible to minimize temperature differences between the hot and cold zones.
MATERIALS AND METHODS

OpenFOAM®Applications
The OpenFOAM ® is basically a set of C++ libraries using the finite volume method (FVM) developed on the Linux platform, allowing elements to simulate 3D geometries, unstructured grids with an arbitrary number of faces and turbulence models. The OpenFOAM ® was chosen because it is free, while the major commercial CFDsoftwares such as the FLUENT ® and the CFX ® owned by ANSYS ® and the PHOENICS owned by CHAM carry licensing fees.
Simulation steps
In the pre-processing step, we used the free Google SketchUp ® software for the virtual design of the prototypes, and the free enGrid® software (Figure 2 ) for the discretization of these virtual prototypes and to generate the grids; later the resulting grids were used in the post-processing phase by the OpenFOAM ® (Figure 3 ). Figure 1 shows the sequence of the simulation process. Figure 4 shows the folders directory for the simulation setup used by the OpenFOAM ® , and Figure 5 shows the directory of a problem with the three folders (5000, constant and system). The directory name <time>will be the number of programmed iterations; this directory contains the files with the field variables (RH, T, P, etc.), 5000 iterations were programmed for the simulations. The system directory contains the simulation configuration files (control Dict, fv Solution, fv Schemes, sample Dict, and decompose Part Dict). The constant directory contains the polyMesh directory, the files with the physical and thermodynamic proprieties, (g and thermo physical Properties), and the turbulence files (RAS Properties). The poly Mesh directory also contains the grid structure files (cells, faces and points), and the boundary conditions files.
Directory of structures and files
Numerical simulations
Under the assumption that a gas flow is incompressible, turbulent, with constant viscosity, in steady state, and with no heat transfer through the walls of the chamber, the OpenFOAM® used the following equations: mass conservation, momentum, and energy. Such equations, mainly due to non-linearity associated with them, are complex, and to date, their analytical solutions were only achieved in a simplified manner. To develop a discrete approximation of the original equations, the OpenFOAM® simulation uses the numerical method of finite volumes to solve them. In turn, these discretized equations comprise a system of differential equations that are numerically solved at the same time. . This transformation procedure of the continuous equations into a system of discrete differential equations is called discretization. The main boundary conditions for analysis of all simulations were the air flow volumes, and the fluid temperatures at the entry and exit of the simulated geometries. The exit temperature of the cooled air from the evaporator was considered to be at 8°C, and the return temperature at 12°C; these reference values are used for the cold storage of fruits such as the Tommy Atkins mangoes (ASSIS, 2004) . For the simulation of the chamber walls and the remaining surfaces, it was used the zero temperature gradient, that is, dT/dn = 0.
The no-slip condition was imposed to the refrigerated chamber walls, that is, zero velocity on the surfaces. Slipping walls were assigned to the evaporators and ducts, considering that the velocities in these regions are sufficiently low, and that the boundary layer effects can be ignored; thus, facilitating the grid generation, since, in this situation, it is not necessary to build a more detailed layer such as the prism. Constant and normal surface velocities, calculated from the flow rates and intake areas, were considered at the ducts opening. For the first proposal (evaporator with ductwork) was considered the velocity of v = 12.6 ms -1, and for the second proposal (central evaporator), the velocity was of v = 2.98 ms -1 . The simulations were performed considering the atmospheric pressure of 1,0 atm at sea level.
Turbulence model
The k-ɛ, the most widely used model is robust and economical, with a wide range of applications. It provides good results for flows with high Reynolds numbers. It is the most used model in simulations of environments receiving mechanical ventilation (Zhao et al., 2003) . We used this model of turbulence in the OpenFOAM ® because of its ability to simulate a wide range of flows with minimal adjustment of the coefficients, the simplicity of formulation, and hardware availability. According to Xie et al. (2006) , the model can be used to predict the behavior of air flows in cold chambers. Details regarding the implementation and validation of the k-ɛ turbulence model can be found in the works by Launder and Spalding (1974) , Rodi (1980) , and Chandrasekharan and Bullard (2005) .
Suggestion of settings for the air distribution
The projects and installations of cool chambers for the cooling and preservation of fruits, vegetables and foods in general, are still performed with the evaporator positioned in the so called "conventional position". The following proposals were simulated in the OpenFOAM ® according to the theoretical basis described above.
Proposal #1
In this first proposal, the air volumetric flow of 1800 m³ h -1 was used for the conventional evaporator. The designed ductwork (Figure 6 ) is composed of three air distribution branches, with 600 m³ h -1 in each extension; with the following equation it was possible to tailor each with three 75 mm outputs with 200 m³ h -1 in each exit.
Where Q is the volumetric flow rate (m³ h 
Proposal #2
In this second proposal, we placed an evaporator, commercially known as cassette, in the center of the cold room (Figures 7 and 8) .
Currently, this evaporator is used exclusively in air conditioners; it is square-shaped with four air outlets, and a volumetric flow of 1800 m³h -1 .
RESULTS AND DISCUSSION
In the first simulationanairflow pipeline network connected to the original evaporator of the refrigerator was used, but it was not a satisfactory alternative to reduce the temperature differential. The simulation showed that the temperature differential (T) had a value of approximately 16°C higher than the differential (T) of 14°C with the same evaporator without ductwork (Figures 9, 10 and 11). The temperature differential (∆T) used in this analysis is the difference between the value of the lowest temperature and thehighest air inside the cold chamber. In simulation # 2, the cassete evaporator originally designed for split system air conditioners, proved to be an alternative to reduce the temperature differential. In this problem simulated (Figures 12, 13 and 14) , the temperature differential was worth approximately 7°C, and the same difference found in the work of Ho et al. (2010) . It is observed in Figure 12 , an ordering of the lines of current, different from Figure 9 . Figure 14 shows a larger, more symmetrical filling of the air inside the chamber which differs from that observed in simulation No. 1 (Figure 11 ).
Conclusions
The OpenFOAM ® tool proved to be useful in the simulation, and analysis of the studies presented here. The proposed simulated in OpenFOAM® using a network of ducts connected to the original evaporator of the refrigerator, was not a good alternative to reduce the temperature differences, the maximum differential temperature remained at a value higher than that with the original evaporator configuration (no ductwork). To improve the circulation of air inside cold rooms and minimize temperature differentials, the simulation OpenFOAM® pointed out that the use of cassette model evaporators and air flow in four directions, currently only used in Spilt type air conditioners is an engineering solution for reducing temperature differentials in chambers.
